Autonomous underwater vehicle should have real-time obstacle avoidance ability of self-protection in autonomous operation in unknown environment. A three-dimensional real-time obstacle avoidance method is proposed for under-actuated AUV with the distance sensor as obstacle avoidance sensor. The output information of the distance sensor is converted into a dangerous degree which as the input of BP neural network. The output of BP neural network is the heading or the depth of AUV which is to be adjusted. The effectiveness of obstacle avoidance method based on BP neural network is verified by MATLAB simulation.
INTRODUCTION
With the depletion of land resource, people pay more attention to the rich marine resource. Autonomous underwater vehicle is one of the important means to understand, develop, and utilize the ocean resource [1] . AUV has the characteristics of small size, modularity, ease of use and low cost. A manifestation of AUV with the ability to adapt to the environment can be real-time obstacle avoidance. In the unknown workspace or known complex terrain space, the premise of AUV finishing tasks safely is able to automatically detect, identify and avoid obstacles.
Real-time obstacle avoidance is a decision-making process based on local environment information which is provided by environment sensor to produce the vehicle's desired behavior of next moment [2] . The obstacle avoidance sensor is a means of AUV sensing changes in the environment, and the sensor data is converted into reliable obstacle information by data processing. Real-time obstacle avoidance algorithm is a method of application obstacle information to avoid obstacle and get to the target point [3] . According to the understanding environment degree of AUV, the real-time obstacle avoidance method is divided into obstacle avoidance method based on environment model, obstacle avoidance method based on sensor information, obstacle avoidance method based on behavior. According to the mechanism of the algorithm, obstacle avoidance method including artificial potential field method, artificial intelligent method and optimization search method. Artificial intelligent methods are more commonly used fuzzy control method, neural network method, expert system method and reinforcement learning method. The optimized search method can be divided into deterministic methods and stochastic methods.
The sensors are used for real-time obstacle avoidance are obstacle avoidance sonars, laser range finder, front viewers, side sweepers, cameras [4] . The mechanism of obstacle avoidance sonar is that the beam is emitted by the transmitting device and the beam is reflected back by the obstacles. The measurement accuracy and precision of obstacle avoidance sonar are low, but it has the advantages of simple and practical. So it is widely used in project. In this paper, the obstacle avoidance sonar is chosen as obstacle avoidance sensor, BP neural network algorithm is chosen as control method.
THE NEURAL NETWORK
Real-time obstacle avoidance algorithm takes advantage of the powerful parallel processing ability, adaptive ability and learning ability of neural network.
BP neural network
Artificial neural networks (ANNs) are interconnected by a large number of processing units to form a network that can be seen as a practical application of mathematical statistics [5] . Artificial neural network is an abstract and simulation of human brain or natural neural network. It is an intelligent bionic model and can be regarded as a nonlinear dynamical system composed of a large number of neurons [6] .
Artificial neurons are the basic constituent elements of ANN. It is a processing unit with multiple input and single output. This processing unit is equivalent to mathematical multi-to-one mapping [7] . Neuron structure is simple, functional single, but a large number of neurons composed of artificial neural network which has a strong ability to deal with information. Artificial neural network model is divided into feed forward neural network and feedback neural network according to the connection of neurons [8] .
Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. BP algorithm is used for forward multi-layer network, the structure is generally shown in Fig.1 . It contains the input layer, the output layer and the hidden layer between two layers [9] . The training method of multi-layer network is to add a sample to the input layer, propagate to the output layer according to the propagation rules, and finally get the output in the output layer. The error signal is the difference between the actual output and the desired output, and the error function is a function of the error signal. The error function is derived from the output layer and propagated backwards to the input layer. Through repeated learning of multiple samples, correcting the weight coefficient in the direction of reducing error, to realize the purpose of eliminating error. If the number of network layers is large, the computational complexity is large, resulting in slower convergence. In order to speed up the convergence rate, the last weight coefficient as the basis for this amendment [10] .
the obstacle avoidance method
The input of the obstacle avoidance neural network is the data of the obstacle avoidance sonar, and the output is the obstacle avoidance behavior. Using a number of selected obstacle avoidance behavior samples for training, get the appropriate parameters of the neural network.
The ranging sonar is selected as the obstacle avoidance sensor because of it low energy consumption. A total of five ranging sonars recorded as S1-S5. S1, S2, S3 are arranged in the horizontal plane, S2, S4, S5 are arranged in the vertical plane. Sonar layout program is shown in Fig.2 . The maximum distance of the ranging sonar S1-S4 is 100 meters, and the maximum distance of sonar S5 is 200 meters. Taking into account the AUV movement in the water for the threedimensional movement, but in order to save energy and meet the mission requirements, AUV often use the desired behavior of fixed speed and fixed depth or height in the course. It can be thought as the movement in the horizontal plane. Only when the desired behavior is changed or the course plane need to be adjusted, AUV float or dive to change depth in the vertical plane. Therefore, the obstacle avoidance behavior is decomposed into horizontal plane obstacle avoidance behavior (change heading angle) and vertical plane obstacle avoidance behavior (change depth). The forward speed of AUV remains constant.
The horizontal sonars contain three directions: front, front-left, front-right. The vertical contain three directions: front, frontdown, down. The distance measured by obstacle avoidance sonar is converted to the risk of collision. eCF、eFL、eFR、eFD、 eCD respectively represent the collision risk of five directions of front, front-left, front-right, front-down, down. The smaller the value, the greater distance away from obstacle, the more secure.
The maximum distance of S1-S4 is 100 meters, the maximum distance of S5 is 200 meters. The output information of sonar at time t is R_1 (t) -R_5 (t). The computational formula of collision risk in each direction as follows:
Where 、 、 、 、 are quantization factors.
Horizontal and vertical plane obstacle avoidance neural network has the same structure, which includes one input layer, one hidden layer and one output layer. The input layer has three neurons. The input of horizontal plane obstacle avoidance neural network is eCF、 eFL、eFR, the vertical plane obstacle avoidance neural network is eCF、eFD、eCD. The hidden layer has four neurons. The output layer has only one neuron. The output of horizontal plane obstacle avoidance neural network is heading which is to be adjusted at next time. The output of vertical plane obstacle avoidance neural network is depth which is to be adjusted at next time. The horizontal plane obstacle avoidance neural network structure is shown in Fig.3 . 
MATLAB SIMULATION
After selecting appropriate 、 、 、 、 , the risk of five direction is converted to from 1 to 6 seven dangerous degrees. 0 means no danger, 6 means the greatest degree of risk. The training samples are AUV how to adjust with the risk degree of three directions changing from 0 to 6. There are 322 training samples in horizontal obstacle avoidance neural network except the case of the same risk degree of front-left and front-right. When AUV encounters the same risk degree of front-left and front-right, the auxiliary decision is made according to the last obstacle avoidance state. AUV adjust heading according to the output of network, the heading adjustment is divided into left or right 5°， 30°，90°or straight(0°). There are 343 training samples in the vertical obstacle avoidance neural network. AUV only avoids obstacles in one direction of depth reduction. AUV depth adjustment level is divided into the current depth (0 meters), reduced by 3 meters, 5 meters, 10 meters.
scene 1
The longitude, latitude and depth of AUV starting point are 120.0°, 45.0° and 60 meters. The longitude, latitude and depth of AUV target point are 120.012°, 45.0° and 70 meters. There is a slope barrier between the AUV start point and the target point. AUV successfully avoid the obstacle and reach the target point with the obstacle method based on the BP neural network. The AUV trajectory is shown in Fig.4 : 
scene2
The starting point and target point position of AUV unchanged, the obstacle change into a rectangular barrier. The AUV trajectory is shown in Fig.6 : 
scene 3
The start point and target point position of AUV unchanged, and there are a slope obstacle and a rectangular barrier two obstacles, AUV trajectory shown in Fig.8 : 
CONCLUSION
A three-dimensional obstacle avoidance method based on BP neural network is proposed in this paper. The ranging sonar is chosen as the obstacle avoidance sensor which is placed in the direction of front, front-left, front-right, front-down and down. The distance away from obstacle is converted to the degree of risk which as the input of the obstacle avoidance neural network. The output of the horizontal obstacle avoidance neural network is the heading adjustment. The output of the vertical obstacle avoidance neural network is the depth adjustment. This method can be applied to a variety of obstacles to the scene. Simulation of MATLAB verifies the effectiveness of obstacle avoidance method based on BP neural network.
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